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Abstract

It is often desirable to determine the potential for radio frequency
interference betw een Earth stations and orbiting spat-ecrtrfl. ‘Ibis
information can be used to select frequencies for radio systems to
avold interference or it can be used (o determine if coordination
between radio systems is necessary. A model is developed that will
determine the statisties nf interference between Earth stations anti
elliptical orbiting spacecraft. The modeluses orbital dynamics,
detailed antenna patterns, and spectral characteristics to obtain
accurate levels of interference at the victim receiver, The model is
programmed into a computer simulation to obtainlong term statistics
of Interference. Two specific examples are shown to demonstrate the
maodel. The first example is Hsimulation of interference from a fixed-
satellite Farth station (o an orbiting scatterometer receiver. The
second example is a simulation of interference from Farth
exploration-sat ellites to a deep space Earth station.

I. Theory and Models
A. Introduction

i ig.1 contains an illustration of the interference geometry for Earth
otbiters and an Earth station.  Spacecraft i may be transmilting or
1eceiving, Ms antenna is pointed toward an arbitrary location on Earth.
‘The Eatth station may be transmilting or receiving, Its antenna is pointed
toward spacecraft 2 or toward an arbittary point described by the Ear th
station antcnna azimuth and clevation.
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Figure 1. Interference Geometry for Earth Orbiters and an Earth Station

Two inteiference seenarios arc considered. In the first scenario, the Earth
station is ransmitting a signal toward spacecralt2,  This signal is
unintentionally reccived try spacecraft 1. In the sccond scenario,
space.crar[ 1 is transmitting a signal that is unintentionally received by the
Farth station.

The interference geometry shown in Fig. 1 is common to many
interference scenarios thal occur between two different radio systemns.
The level of interference that occurs at a victim receiver depends o n
angles, y, and v, and the distance, i), that arc shown on Fig. I. The
primary emphasis of Part1of this paper is to show how to compute these
parameters as a function of time. The antenna gain of spacecraft 1 inthe

direction of the Earth station is a function of angle ¥,. The path loss
between spacecraft 1 and the Earth station is a function of the distance
1), Lastly, the antenna gain of the Earth station in the direction of
spacccralt | is a function of angle v,,. The antenna gains and path loss
arc used 1o dectermine interference levels at the victim receiver as a
function of time. The intet ference angles and path distance in Fig. 1 may
be computed with standard orbit determination methods [1).

The International Telecommunication Union (i 'U) antenna pattern is used
to calculate the Earth station antenna gain [2].

Gy, = Gy - 253107y A (@Biy, 0°< Y, <0, 1)
:G, ) ¢H|S71g<¢r
= 32 - 25log(y,y) , O S Y, < 48°
=-10 , 4B° < v, < 1800

where

G, = peak antcnna gain (dBi)
D = antenna diameter (m)

A = wavelength (m) = c/f

G | = 2 4 15log(D/A) (dBi)

On = 20MG,-G)/D (deg.)

9, = 15.85(1/0)°F (deg.)

¢ = speed of light = 3x10* m/s
f = frequency (Hz)

This equation is valid for /A 2 100. For 1/A <100 a different paticrn
is used,

GYp) = G, - 2.5x10 (DAY @Bi) , 07 <, <0, @
= G, , G S Yy < 100MD
= 52 - 10log(D/A) - 2510g(y,) . 100MD <y, <48°

= 1() - 10log(D/A) , 48°< ¥, < 180°

The path loss from spacecraft i (o the Earth station is computed.

Pi. = 20log(c/{4rD), £)) (dB) 3
The angle, ¥, on Fig. 1is used to compute the antenna gain of spacecraft
1 in the direction of the Earth station. The spacecraft gain pattern is

mission dependent.

Il. Application 1: Simulation of Interference Froma Fixed-Sé&rtellite
Earth Station to a Scatterometer Recelver and Calculation of
Scatterometer Power Flux Density

A. lntroduction

The World Administrative Radio Conference of 1992 (WARC-92)
allocated the 13.75-14 GHz frequency band to the fixed-salcllilc (Farih-



1[)-space) seivice on a primar y basis. NASA scaltcromelers arc perinitted
touse this band under the category of space research (spacecralt
radiolocation) sct vice on a secondary basis. The International Radio
Consultative Committec (CCIR) formulated Task Group 7/3 (TG 7/3) to
study the use of the 13.4-14 GHz frequency band by science services.
Onc of the goals of TG 7/3 was to determine the effect that the new
allocation (1o the fixed-satellite service in the | 3.75-14 Gz hand) would
have on NASA scatterometers near 14 GHz. The models developed in
sectionlwerc uscd 10 generate a simulation of interference from a fixed-
salellite Earth station 10 a scatteromedter in Earth orbit. The scatterometer
is represented fry spacecraft 1 and the fixed-salcllitc spacecraft is
represented fry spacecraft 2 on Fig, 1. The fixed-satellilc Earth station is
represented by the Earth station on Fig, 1.

B. Analysis

The computation of the scatterometer antenna gain in the direction of the
fixed-salcllilc Earthslation depends on components of the angle, ¥, in
Fig. 1. 'Thescatterometer antenna coordinate and spacecraft coordinate
systems arc illustrated on Fig.2, There arc six antenna beams, whose
positions are defined by angles @, B, and v. A vector in the anicnna
coordinate system can trc transformed into a vector in the spacecraft
coordinate system,
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Figure 2. Antenna and Spacecraft Coordinate Systems

X, = AX, 4

where

>

>
P>

™
L.

"

A = cos(y)cos(or)

B = cos(Y)cos(90-o)

C = cos(90-y)

D = -cos(90-o)cos(B) + cos(90-f)cos (90-Y)cos(0)
i = cocos + cos(90-B)cos (90-1)cos(90-o)

F = -c0s(90-B)cos(y)

G = <[ cos(90-a)co $(90-B) + cos(90-yycos( P)cos(a))
Il = cos(o)cos(90-B) - cos(90-y)cos( f)cos(90-o)

I = Cocos

A vector in the spacecraft coordinate system can be transformed into a
vectorin the orbil-plane coordinate systemn.

Xuu =DBX, (s)
where
Yw o Zw
a a
B x, Y
a B a
0 -1 0

a = scmi-major axis (Farth radii)
(X, ¥«) = location of spacecraft in orbit plane

A veelor in the orbit- plane coordinate system can be transformed into the
right ascension-decl ination coordinate system.

X n :qul (6)
where
1" is defined in ||

The vector (from the scatterometer spacecraft (o the fixed-satellite Earth

station) is transformed from the right ascension-declination coordinate

systeminto the antenna coordinate system. This is done try converting

fromthe right ascension-declination system to the orbit-plane system, to
the spacecralt system, and to the antenna sysien,

Tp!pl

X & -A'B) Xt = (Ketao Yaras Zea)" @)

These components arc used todetermine the off-axis angles in the

narcow-beam plane (21 directions) and wide-beam plane (= directions)

of the fan beam antenna (Fig. 2). 'The antenna boresight points in the k
direction.

C()Q(B ) = 7sla/( Xs(a " ,sh% " (R)
C()Q(a ) 7sl'n/( yn fa +7s|'s )”2

These angles arc used 10 compute the narrow-beam and wide-beam
components of the fan beam antenna gain.

G(f3p) = -3(BJ0. 173)" 0°< Be < 0.5° 9)
= 239 2. 16[&8, 0,5°< B, <5.6°
= -48 , 5.6°< B, < 180°
(narrow-beam component, dBi)

Gyloy) =34 - 3(a /1 3.9)', 0°< 0, C 20°
= 35.83- 0.4020,, 20° <ot < 114°
=-145 ll4°<0 < 1800
(wide-beam component, dBi)

The fan beam antenna gain in the direction of the fixed-salcllitc Earth
statlon is the summation of the narrow-bcam and wldc-beam components.

Gy, = Gi{(Py) 4 G(o) (lo)
the minimum value of Gy, is -14 dBi

Al (his point there. is enough information to compute the level of
interfercnce from the fixed-salcllitc Earth station to the scatterometer.

1= P4Gey,) + SL + PL + Gy, (1



wher ¢

| = interference power spectral density (ABW/Hz)
I, = fixed-sale.llilc Earth station transmitter power
=85 -5.3.4 (dBW)
Gi(y,,) = fixed-sa~cililc Earthi station antcnna gain in direction of
scaltcrometer (1)

G, =53.4 dBi

D = 4.5 meters

f =13.995 GHz

St = 10log(1/BW) (4BW/H17)

BW = bandwidth = 2 MHz.

P’ = path loss from fixed-satellite Earth station to scattecrometer
(3) dB)

(i, = fan beam antenna gain in dircction of fixed-sateHite Earth
slation (10) (dBi)

The threshold level where inter ference is considered bar mful to the
scalterometer is -20'7 dBW/Hz|3). The ground track of the scatierometer
may be compuledto provide a visual indication of where the
scatterometer is interfered with or notinterfered with, The latitude of the
ground track is compuled first,

I og= 90 - cos'( 7/a) (12)

Then, the longitude is computed.

Vo 1), - 36001436.1, y 2 0 a3y
= -1, - 360U/1436.1, y < ()

where

Ly =08 (W]a(sin[90-1,, D))
(x,y.z) = location of spacccraft in the right ascension-declination
coordinale system

The longitude is transformed 10 obtain values between - t 80” and 180°.
C Statistics and Probability of Interference

Whern the scatterometer is vistble to the fixed-satclli(c Earth station it is
possible for interference 10 occur.  ‘The duration of these interference
episodes varies with cachorbit of the scatterometer. The scatterometer
simulation program computes the maximum time of an intcrference
episode and the average time of an interference episode for the complete
simulation petiod. Then histograms of these interference episodes are
generated. From the histograms the distribution of Interference episodes
may be estimaled.

The scatictometer measures wind speed over the ocean. Taking this
measurement requires that3antenna beam (beams 1-3 or beams 4-6)
have no inter ference. The effect of interference front a fixed-satellite
Earth station to the scattcromeder is to create certain areas on the ocean
where measurements of the wind speed cannot betaken by the
scatterometer. It is possible that the scatterometer will have interference
on the ascending portion of the orbit over a particular area of the Earth,
When the scatterometer passes over this area on a descending portion of
the orbititis possible that the.rc will be no interference. 1 herefore, itis
desirable 10 compute the statistics of interference for areas of the Earth.

For a simple example, the Earth is divided into areas that arc 100 krn x
I )() km near the equator. To facilitate the programming, this is done by
dividing the Earth into areas that arc 0.898° longitude in width and
0.898° latitude in height,  Thc width of these areas is I(K) kinatthe
cquator, tapering off to a width of () km at the North and South polcs.
The antenna beams arc very narrow in onc direction and wide in the
o1 thogonal direction.  Therefore, the beams arc approximated with 31
veetots in the wide-hcam plane of the antenna. These veclors arc spaced
17 apart, yiclding a total coverage of 30° in the wide beam plane. "The
point of intersection of an antenna vector with the Earth is determined.
This vector location is converted to latitude and tongitude (12, 13). Then,
1

the arca that lbis pointbelongs to is determined.

Wind specd mcasurements on theright side of the scatterometer arc taken
fry combining signals from beams 1-3 and, on the left side, by combining
signals from beams 4-6.  An area on the right side is considered to be
covered if a vector from cach of becams 1-3 intersect the area on thesame
orbit and the interference is below the reeciver interference threshold for
each of beams 1-3. 1.ikewise, an area onthe leftside is considered to be
covered if a vector from cach of beams 4-6 intersect the area on the same
orbit and theinterference is below the receiver interference threshold for
each of becams 4-6. An area is considered to be interfered with if any of
the beamns produce an interference level above the recciver interference
threshold. The probability of interference is eslimated.

p =n/d (14)
where

p = estimmate of probabilit y of area interference

n = the number of times that an area is covered and interfered
with

d = the number of times that an area is covered

Where the definitions of "covered™ and "interfered with" arc provided in
the paragraph above.

D. Power Flux density of the Scatterometer

Compatibility between terrestrial radio systems and spacecraft radio
systems is often determined from the power flux density of the space.claf|
on the surface of the Barth, Therefore, the power flux density of the
scalterometer is computed.

P,,= P+ Gy(ao) +FSS (15)
where

P,y = power flux density of scatlerometer at surface of the Earth
(dBW/m?)

P, = scatteromcter transmit power (dBW)

G,(0,) = scalterometer transmit antenna gain as a function of

angle (ug) in the wide-beam planc (dBi)

178S = fiee space spreading loss (dB/m’)
= 10log(1/[4nD,2])

h,. = distance 10 Earth (m)

The elevation angle on Farth is a function of . Therefore, the power
flux density can becomputed as a function of elevation toward the
scaticrometer.

E. Simulation

Table 1 shows thercsults of an example simulation. Interference is
considered harmful if itexceeds the threshold shown on the table. The
fixed-salcllitc Earth station and geostationary satcllite arc arbitrarily
located, Interference is computed at 1 second intervals. The estimated
probability of interference is the number of interference minutes divided
by the simulation minutes.  The scatterometer orbital period is
approximately 100 minuotes. The position of the orbit changes relative to
the fixed-salcllilc Earthstation. Therefore, on some orbits there is no
intetference and on other orbits there arc episodes of interference for
varying amounts of time. ‘the maximum and mecan of these interference
episodes arc provided. Fig.3 shows the probability of area interference
for 1,1 orbits. The fixed-salcllilc Earth station is located al 00 E, 0 N
and points toward a geostationary satellite at 0° E. The areas near the
fixed-sa(clli[c Earth station have interference probabilitics of 1and the
other areas have probabilities of 0.

1tt, Application 2: Simulation of Interference from rrn Earth
Exploration-Satellite to a Deep Space Earth Station



Table |, Example of Interference Simulation - Fixed-Satellite
Interference to a Scalterometer

Scatterometer Interference -207 dBW/L 1z
Threshold -
Scatterometer Altitude 797 km

85 dBW EIRDP
2 MHz Bandwidth
4.S m antenna

34° N, 128° W

_ 196w

Fixed-Satellite Earth Station

Geoslationary Satellite

10,000 minutes

Simulation Time

I nterference Computations per 60

Minute — =
Scattecrometer Antenna Beam 1

Element

Interference Duration (ininutes) . 20067
Estimated Probability of 2.067x10*
Interference o
Maximum Period of an 0.567
Interference Episode (minutes)

Mean Petiod of an Interference 0.129

Episode (minutes)

SC AT TEROMETER INTERFERENCE PROBAB! LITY

INTERFERENCE

PROBABILITY OF AREA

Figure 3. Estimate of Probability That Areas Have Interference
A. Introduction

The Deep Space Network (DSN) oscs the 84(X)-8450 MHz band for
space-to-liarlb transmissions. The Earthstationrecelvers arc protected by
interference criteria (4] that have been negotiated in international forums,
Other radio services that use the 8400 -8450) MHz band are awarce of the
interference criteria and limit their transmissions accordingly. However,
radio services that transmit in bands that arc adjacent 10 the 1SN bands
may not be full aware of their emissions in the DSN band. If these out-
of-I, and missions arc strong enoughthey can disrupt DSN
communications. This section investigates some of the low Earth orbiting
spacecraft that transmit in bands thatare adjacent 10 the DSNbands near

8400 MHz.
B. Power Spectral Density of Adjacent Rand Interferers

The power spectral density from an Earth orbiting spacecraft is computed
with the following equation:

Pg, =P 4 SN 4+ G, 4 PL; + Gy (16
where

Py, = power spectral density of interfering spacecraft at deep
space Earth station recciver (ABW/Hz)
P, = spacecrafl transmitter power (ABW)
SD(f) = spectral density of spacecraft transmitter (dB/Hz)
(Table 2)
G, = peak (ransmit antcnna gain (dBi)
PL, = path loss (dBB)
=20oglc/(4rA, )]
¢ = speed of light = 3x10° km/s
A, = minimum orbit altitude (km)
f = frequency (117)
G, =DSNreceive antenna gain = 74 dBi

The spectral density is computed from the equations shown in Table 2
[5,0}.

Table 2. Spectral Density Equations

Modulation Spectral Density (Baseband)
QPSK (2SR)|sin(2nf/SR) /(2 R{/SR)?
UQPSK (r/SR)SIn(ri/SR) P/ (nI/SRY)? +
o (r/SRQISIN(R/SR) PAI/SRY
""""" PSK (1/SR)[sin(rf/SR) P/(n(/SR)?
MSK H16/("SR)Y][cos(2 RISR)J/(1 - 1617/SR2)? o

QPSK - Quadriphase-Shift Keying

UQPSK - Unbalanced Quadriphase-Shift Keying
PSK -Pbasc-Shift Keying

MSK - Minimum-Shilt Keying

SR = total output symbol rate

f = frequency

1, = ratio of power in | channel 10 total power
SR, = symbol ratc of [channel

1, = ratio of power inQ channclto total power
SRy = symbol rate of Q channcl

‘ Replace " with “f-f," (where £, is the center frequency) to obtain
the spectral density at the center frequency

In particular, the Earth Obscrving System (EOS) program Is planning the
launch of scveral spacecraft [7]that will have spectral emissions in the
8400 -84 50 Mz, band. Fig. 4 is a plot of (16} for the Barth Obscrving
System (EOS) spacecraft transmitting in the direct broadcast (DB) mode.
It shows that the emission of an EOS spacccraft exceeds the DSN
interference criterion (-220.9 dBW/Hz) by about 45 dB in the 8400-8450
MHyz band. This is a worst-case power spectral density at the deep space
Earth station because peak antenna gains arc used and the minimum orbit
altitude is used to compute thepath loss.  Determination 01 the statistics
of interference is shown next.

C. Simulation of Interference to a Deep Space Earth Station from Low
Earth Orbiting Spacecraft in an Adjacent Band

Itis useful to know the amount of time thatthe power spectral density
from an adjacent band spacecraft exceeds the interference ctiterion of the
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Figure 4. Power Spectral Density of EOS (DB mode) al DSN Receiver

deep space Harthstation. Interferencetimes depend on spacecraft
transmiticr power, orbits, anienna gains, elc.

Fig. | can be used toillustrate the interference geometry. ‘The EOS
spaceci aftis represented with spacecraft 1. The deep space Earth Station
points al a specific.d azimuthandclevation. The EOS spacecraft is in a
circularorbit around the Earth. ls antenna points toward the center of
the Earth.

The deep space Earth station (70 meter) antenna gain in the direction of
the 1 108 spacecraftis computed with (1).

G(Y,) = 74- 0.0025(19fioyr8)2 (dBi),0° S ¥, < 0.0485°
514 , 0.0485°<7, <0.168°
32 - 25log(y,) , 0,168° <7, < 48°
-10 , 48° < v, < 180°

(17)

II 1 'l

‘Ihe EOS spacecraftantenna gain in the direction Of the deep space Harth
station is computed next.  The model is a set of straight linc scgments
that approximate the actual pattern 8]

Gy = -3.5 4 25773 (dBi), 0" <y, < 3°
0.091 - 4y/11 L3Sy < 14°

(18)

i}

= -85+ 147/56  , 14° <y, <700
= 84.25- 21.5y/20 , 70° Sy, <90°
= 145 , 90° ¥, < 180°

The interference power spectral density level al the Deep Space Earth
station receiver is computed.

I, = SO + P, + G(y,) + PL 4 G(y,p) (29

where
P, = KOS transmitier power = 11.8 dBW

The first simulation on’Fable 3is for 1EOS spacecraft (S/C) transmitting
in the direct playback (DP) mode’ (QPSK, 150 MSPS pcr channel).
Statistics of the interference arc provided. The second simulation on
I’able 3is for § different spacecraft, The antenna patternfor the last 4
spacecraft is the same as the KOS antenna (18) except for additive
constants 10 provide the correct peak antenna gain for cach spacecraft.
Each interference event is composed of a number of interference samples

Table 3. Comparison of Simulation Results for 1 EOS Spacecrall
versus S Space.crafl - EOS(DP), S1'01'-4, 11/S-111, POEM 1,
and RADARSAT-1

= S
Parameter } 18/C 58/C

Duration of Simulation (years) 1 1
Interference Events "N 3] 1 18
Interference Vercentage .- __'_i}__89x10‘ == 39x10°"
Interference Duration (scconds)

Shortest 35 0.s

Longesl 1() 10

Average 7,58 5.90
Time Between Interference Events | |

(days)

Shortest 1.99 0.08

| .ongest 13.44 12.83

Average 101t 2,87

that occur at 0.5 second intervals, Samples are plotted on Fig, S for the
second simulation on ‘1’able 3. Atecach sample interval the amount that
the interference excecds the -220.9 IBW/H g, riterioniis plotted. Some
events have only 1 sample (0.5 seconds of interference) 4n9 some events
have up to 20 samples (10 seconds o f interference). The simulation was
run on a Sun workstation.

Samples for
-]

m=

Interference Exceeding Report 6 8

68s (d
30
1

Rep.

20
!
P

10

|

1200 ,s00

”\_

[+]

Attenuation to Meeot

200
Sample Number

1 Year Simulation (0.5 Second Intervals)
EQOS(DP), SPOT-4,IRS-1B, POEM !, RADARSAT-1

Figure 5. Interference Samples for 5 Different Spacecraft

‘The antenna pattern of the deep space Earth station thatis provided in
(17) was developed a number of years ago for generalized Earth stations.
More accurate gain data has been made available for the 70 meter
antennas of tbc DSN [9]. This data has been fit with a number of
equations.

Go(y,) = 74.15 - 0. 0025(2400y,,)" (dBi) , 0°< 7, < 0.0376° 20)

=537 , 00376 <7, < (.04°
= 57.4 - 0.025(13 50[,-0.049))°, 0.04° < 7y, < 0.0626°
=49 + (0.0626° <, < ().()9050
=25 - 23log(y,) , 0.0905° 57, < 332°
=-10

,332° <y, <1800

5



‘The computer simulation was conducted with G, (v,,) replacing G(y,,) in
(19). In the firstsimulation 1 EOS spacecraft transmitied in the ] W
maode. in the second simulation 5 different spacecraft were transmitting.
The intet ference percentage is one fourth (of thaton ‘I’able 3) with the
ncw antenna model for 1EOS spacecraft.  Fot 5 spacecraft the
intetference percentage is approximately one fourth (of thaton ‘i'able 3)
with the new antenna model.

All of the simulations usc an elevation of 5° and an azimuth of 100" for
the deep space Farth station antenna. When larger elevation angles are
used theinterference percentages arc decreased.  |bis is because the
spacecraft spends less time withinihe same Earth station antenna
beamwidth at higher elevations. The interference levels arc computed at
0.S second intervals in all simulations.

1V, Summary and Conclusions

D ctailed models nf the intet ference geomelry of Earth orbiters and an
}arth station arc developed.  These models allow the  accurate
determination of antenna gains and path distances. These parameters and
the radio system characleristics determine the interference levels at the
victim receiver.

The first example is a simulation of interference from a fixed-satellite
Iiarth station to an orbiting scaticromeler receiver. ‘i‘able lcontains a
sunuary of a simulation that was performed. The scatterometer
measures wind speed over the occan. Models were developed to esti male
the probability that certain areas of the Earth would not have accurate
mcasurements duc to inerference. Also, the power flux density on Earth
of the scatterometer signal as a function of elevation angle is detertnined.
Results from the simulations showed that the scatterometer should usc a
different frequency 1o avoid Interference from severalfixed-satellite Eatth
stations.

The sccond example is a simulation of interference from an Eatth
exploration-satcllite to a deep space Earth station. Wurst-case levels of
power spectral density from low Earth orbiters at a deep space Earth
station are computed. These levels excced the inter ference criletion of
the deep space Earth station in the 8400-8450" MHz band. A simulation
of interference from low Earth orbiters to a deep space Earth station is
conducted. ‘This simulation computes the pathloss and off-axis antenna
gains as a function of orbital position of the low Earth orbiter, It can trc
used (o predict the statistics of interference to the deep space Harth
station. Tablc 3 contains a summary of two different simulations that
were performed. tiigure 5 shows the interference samples for the second

simulation. Results from the simulation show that excessive coordination
could be avoided if the Earth exploration-satel fite spacecraft reduced their
cmissions by 20 dB in the 8400-8450 MHz band.

More recent analysis has indicated that modulators with data asymmetry
produce line spectrums.  Preliminary work has shown that a 5% data
asymmetry can produce spectral components (assuming a 111z
bandwidih) that arc 60 dB or more above the Meat QPSK spectral
density. If one or more of these components falls in the deep space Earth
station receive bandwidth interference can occur. Additional filtering of
these components (above the 20 dB mentioned above) is required.

The simulations arc programmed in Fortran and run on a Sun
wotkstation.  The author may be contacted for instiuctions on the
oper ation of the simulation programs.
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